Mechanical properties of starch-based supercritical fluid extrusion (SCFX) extrudates were correlated to their structure. Thermosetting ingredients were added to the feed and the extrudate was dried to set the expanded structure. Compared to whey protein concentrate with 34% protein (WPC-34), addition of egg white (EW) gave a softer skin and a fragile but well formed cellular structure. For drying between 70 and 100°C , the overall structure was more homogenous for EW added. A higher modulus was associated with a larger number average of sides in a cell face and higher percentage of closed cells. Ashby's model (1983) for non-food cellular solids gave a good fit to our data for relating relative compressive modulus to relative bulk density. A linear regression model indicated that bulk density alone was a good predictor of mechanical strength.
INTRODUCTION
Expanded snacks were first produced in the late 1930's by high-shear, low-moisture and high-temperature extrusion cooking of starch-rich materials in single-screw extruders (Blenford, 1991) . The use of these extruders was restricted to feeds with moisture content between 10 and 30% and low fat content Twin-screw extruders were introduced in the 1960's for the manufacture of both low-moisture and high-moisture foods. Their primary advantage was better control of shear and thermal energy inputs, and their ability to process a higher range of feed moisture and fat contents (Hauck and Huber, 1989) . The high shear energy inputs during low moisture (< 20 %) extrusion resulted in undesirable dextrins, vitamin losses and reduced amino acid availability. Although the range of products made by the twin-screw extruder considerably increased, there was little improvement in the structure of expanded extruded snack products in the past 50 years. Recently, a low shear and low temperature supercritical fluid extrusion (SCFX) process was described by Rizvi and Mulvaney (1992) to produce expanded products from a high moisture starchy melt by using carbon dioxide, above its critical pressure (7.38 MPa) and temperature (31°C), as a blowing agent, a nutrient carrier, and if necessary, an in-line process modifier. This process has been successfully implemented with a twin screw extruder having a barrel temperature of around 40°C, and die pressure of 10-15 MPa. The process resulted in more uniformity of cell sizes, as compared to steam expanded products (Rizvi et al., 1995) . Besides improving the extrudate structure this low temperature, low shear extrusion process can also produce leavened dough for baked goods and bread. In this new process, heat sensitive ingredients can be used and the supercritical carbon dioxide (SC-CO 2 ) can be used as a carrier for heat degradable ingredients such as color and flavor. The amount of SC-CO 2 injected can also be adjusted to control the extent of puffing (Mulvaney and Rizvi, 1993) , thus providing a means for varying the structure and mechanical properties. The SCFX extrudates had a composite structure with a smooth surface and porous interior (Sokhey et al., 1996) which aided in reducing water solubility with consequent increase in 'bowl life' by remaining crunchy or crispy when immersed in milk (Rizvi et al., 1995) . However, when the feed moisture content was high, the extrudate tended partially to collapse at the die exit. In the present study, egg white (EW) and whey protein concentrate (WPC), which contain thermosetting proteins, were incorporated in the feed to stabilize the structure of SCFX extrudates during extrusion and post extrusion drying, and the mechanical properties of the extrudates were determined.
Mechanical Properties of Expanded Extrudate
Several publications have dealt with the influence of process variables, such as moisture and temperature, on the mechanical properties of steam expanded starchbased extrudates (Owusu-Ansah et al.,1984; Halek et al., 1989; Bhatnagar and Hanna, 1994) . Relationships between cellular structure and mechanical properties of steam expanded corn meal extrudates were investigated by Barrett and Peleg (1992) , and Barrett et al. (1994) . They showed that cellularity strongly influenced the pattern of mechanical failure. Alavi et al. (1998) reported the structural properties of starchbased SCFX extrudates. They showed that structural properties such as cell density and expansion ratio were related to the drying temperature and percentage of thermosetting ingredient added. An examination of the microstructure as well as the macrostructure indicated that the SCFX extrudates with no thermosetting proteins added and dried at room temperature formed a relatively small number of unexpanded cells as compared to extrudates dried at higher temperatures. Those dried at 70°C formed a uniform cellular structure, while drying at 85 and 100°C revealed a highly expanded cell structure with 'cavities'. When thermosetting ingredients were added at 4 and 7%, and dried at 70 and 85°C, the extrudate was well expanded, the cells were uniformly distributed and there were no cavities. In this paper, the effect of temperature was therefore studied for the minimum level of 4% WPC-34 or EW added, and the effect of various levels of thermosetting ingredients added were studied at the minimum drying temperature of 70°C. Hutchinson et al. (1987) conducted puncture tests to obtain localized mechanical properties for extruded steam expanded maize. They observed different deformation behavior for low and high-density foams together with greater strength of the skin compared to the internal structure. Since the skin is a unique feature of a SCFX extrudate, the compressive force due to penetration of a pin into the skin as well as the internal structure are discussed in this paper with reference to added thermosetting ingredients and drying temperature.
At low filler concentrations (<10%), modulus of compounded rubber was directly proportional to the volume concentration of spherical fillers (Smallwood, 1944; Guth, 1945; Mullins and Tobin, 1965 ). The. relationship was independent of particle size. Guth (1945) introduced the effect of shape and type of packing of the fillers in their model for predicting elastic modulus. In line with the treatments above, Matonis (1964) , Benning (1969) , Patel and Finnie (1970) , Menges and Knipschild (1975) , Gibson and Ashby (1982) , and Ashby (1983) related modulus or strength of solid foams to the density. For example, Patel and Finnie (1970) assumed a unit cell in the form of a pentagonal dodecahedron and showed that the modulus-density or strength-density relations were of the form: n Modulus or Strength °= (Density)
(1) Gibson and Ashby (1982) , and Ashby (1983) assumed an idealized cubical arrangement of cells and the general form of the expressions for relating mechanical property of foam and cell wall to the density was:
The mechanical property (M) can be either moduli (E) or strength (a), p is the density and the subscripts f and s refer to the foam and the solid material respectively. The authors related the power law index n to open and closed cells for different modes of failure (elastic, plastic and fracture) and verified the relationship between mechanical property and density for several non-food cellular solids (polymer, glass, metal and ceramic foams). Theoretical predictions relating mechanical properties to density have therefore been well established through a simple relationship. However, studies validating such predictions for food foams are still sparse. For food foams, the wall properties can change with process conditions and formulation because of complex reactions and phase changes during processing involving proteins and carbohydrates. Hutchinson et al. (1987) assumed, as a first approximation, that the values of cr s and p s were constant and showed that for extruded steam expanded maize, the power law index n for compressive modulus was 2.3. The value was closer to predictions by Ashby (1983) for open cells although the foams were observed to be of closed type. Warburton et al. (1992) showed the applicability and fit of'Equation 2 for steam expanded maize. However, for corn meal extrudates Barrett et al. (1994) showed that mechanical strength (average plateau stress and average peak stress) had a strong dependence on a linear combination of mean cell area and density but not with either of them taken individually. Since SCFX extrudates had a more uniform cell size distribution than steam expanded extrudates (Rizvi et al., 1995) , and material composition and processing history differed for the two processes, such relationships needed to be evaluated. This paper examined whether Equation 2 was valid for a starch-based SCFX extrudate and whether peak stress was linearly related to cell area and density. The compression mode of failure was investigated because of its relevance to food during consumption.
The cell shapes of plastic foams have been investigated in several studies (Giuffria, 1962; Griffin and Skochdopole, 1964; Ko, 1965; Gibson and Ashby, 1988) . Giuffria (1962) isolated single cells from blocks of foams by dissection under a stereomicroscope. Irregularly shaped polyhedrals were observed with cell faces varying from triagonal to octagonal. As a first approximation, Ashby (1983) assumed a hexagonal network for studying the effects of deformation modes on mechanical properties of non-food foams. Warburton et al. (1992) found that the shape of cells in extrusion cooked maize foam changed with processing conditions: spherical cells were formed at low moisture content or high temperature and polyhedral cells were formed under converse conditions. Since little data on the relationship of cell shape to mechanical property of food foams was available, their relationships for the SCFX extrudates were investigated in this study.
The specific objectives of this study were to: (1) determine compressive strength and puncture strength of SCFX extrudates at various levels of added thermosetting proteins (whey protein concentrate or egg white) and drying temperature (2) examine the relationship between cell shape, drying temperature and mechanical strength of extrudates, and (3) test relationship between mechanical strength and density using Ashby's model (1983) .
MATERIALS AND METHODS
Pre-gelatinized corn starch (49.5%) (Cerestar, Hammond, IN.) and potato starch (24%) (Residol, Decatur, IL.), sugar (24%), salt (1%) and a dough conditioner (distilled monoglyceride, 1.5%) (Davisco, New Century, KS.) were used as the control formulation. Whey protein concentrate (WPC-34-34) (34% proteins; Mid American Dairyman, Inc., MO.) and egg white (EW) (83% proteins; Papattis, Elizabeth, NJ.) were added separately at 4, 7 and 10 % on dry basis, as thermosetting ingredients. A Wenger TX-52 (Wenger Manufacturing, Sabetha, KS.) co-rotating twin-screw extruder with a length to diameter ratio (L/D) of 27:1 was run at a screw speed of 100 rpm and feed rate of 35.58 kg/hr. SC-CO2 was fed at a constant flow rate of 4.55xlO" 3 kg per minute through four valves at L/D of 21:1, where a low pressure zone was created by a reverse screw element. A reverse screw element and two flow restriction valves in the die head controlled the processing pressure at the die end. In-barrel moisture content of the starch melt was adjusted to about 35% (wet basis) by injection of water through head 2 of the extruder barrel. Product temperature at the die was adjusted to 60°C by circulating chilled brine (-10°C) through the barrels. Extrudates were dried at 22, 70, 85 and 100°C to final moisture content of about 5%. The base temperature was chosen as 22°C as that was the room temperature and represented an environment that did not involve any oven heating. Thus the effect of oven drying at different temperatures could be isolated by comparing the oven-dried extrudates with those dried at room temperature. Experiments were conducted using a 2 4 factorial design.
Scanning Electron Microscopy
The SCFX extrudates were sputter coated with gold-palladium before imaging by scanning electron microscopy (SEM) using a LEICA 440 SEM. The SEM micrographs were magnified 400X using Microsoft Photo Editor® for counting the number of sides of a cell face, and the number of open and closed cells. The number average (L ) of the cell sides was calculated from:
where N. is the number of cells, and L. is the number of cell sides
Compression Tests
The extrudate samples were equilibrated at 22°C for 48 hours at constant humidity in the laboratory and packed in polyethylene zip-lock bags for the tests. An Instron Universal Testing Machine, model 1122 (Instron Corporation, Canton, MA) was used to compress 10 mm lengths of the cylindrical extrudates to 50% in the axial direction. The crosshead speed was 10 mm/min. A jig was used to ensure that the cut faces of the samples were parallel to each other, and perpendicular to the longitudinal axis of the samples. The diameter was measured at right angles to each other at five locations of the sample to calculate the average cross sectional area. Compressive modulus (E) was calculated in N/m 2 as:
where L is the length of sample (m), A is the original cross sectional area of the sample (m 2 ), and SF/SL is the initial slope of the force displacement curve (N/m). The values of compressive modulus were average of 5 replicates.
Puncture Strength
The puncture test was conducted according to Bourne (1979) . Puncture strength was measured in terms of the force required to push a pin into the extrudate so that it caused irreversible crushing. Skin puncture was normal to the surface of the sample and at right angles to the longitudinal axis while puncture through the cross-section was parallel to the longitudinal axis. A cylindrical pin of diameter 1 mm was attached to the load cell of the Instron. The crosshead speed was fixed at 10 mm/min and the depth of penetration was 2 mm. The average of the maximum force for at least five punctures was recorded for each sample and there were five or six replicates.
Statistics
A Minitab statistical program was used to analyze a two-regressor and a singleregressor model to determine the significance of the predictors.
RESULTS AND DISCUSSIONS

Compression Tests
The product temperature of 60°C at the die was the onset of denaturation for both WPC-34 and EW (Walstra and Jenness, 1984; Cunningham, 1995) . Post extrusion drying at 70, 85 and 100°C therefore set the extrudate structure due to protein denaturation, reduced the moisture content, raised the T g and expanded the CO 2 entrapped in the extrudate. The resultant structure was brittle with various degrees of expansion and strength.
The relationship between peak stress [(peak compressive force)/(crosssectional area of sample)], percent protein added and expansion ratio ((cross-sectional area of extrudate)/(cross-sectional area of die exit)) are shown in Figures 1 (a) and (b) for added WPC-34 and EW respectively. Compared to the control formulation (no WPC-34 or EW added), the peak stress reduced by about 80% (9.8 x 10 6 N/m 2 to 2.0 x 10 6 N/m 2 ) when WPC-34 was added. The drop in peak stress was about 90% when EW was added. The peak stress levels seemed to be unaffected for added protein levels between 4 to 10%. The decrease in peak stress was associated with an expanded structure. Maximum expansion occurred for 4 to 7% added proteins. A comparison of the expansion ratios for WPC-34 and EW added indicated that WPC-34 had a higher maximum expansion. The values of expansion ratio were 8.6 and 7.5 respectively for 4% WPC-34 added and 4% EW added. Feed composition and processing temperature can affect the radial expansion of steam expanded extrudates due to effects on the viscosity of the material flowing across the die (Alvarez-Martinez et al., 1988; Delia Valle et al., 1997) . In our case, the post extrusion drying temperatures set the extrudate due to thermosetting of the proteins. The expansion ratio therefore decreased for higher levels (7 to 10%) of added proteins. Another factor, which contributed to the decrease in expansion at the higher added protein levels was that the proteins did not expand as well as starch (Gogoi et al., 1996; Areas, 1992; Mohamed, 1990) . Thus an optimal level of the thermosetting protein is required at a particular drying temperature for maximum expansion. In general, addition of thermosetting proteins to the control formulation and post extrusion drying of the extrudates at 70°C resulted in low peak stress values for a more expanded extrudate.
The effects of drying temperature on peak stress and expansion ratio are shown in Figures 2 (a) and (b) for 4% WPC-34 and 4% EW added, respectively. As expected, as drying temperature increased, expansion ratio increased and the peak strength decreased. Expansion ration increased more than two fold as drying temperature was increased from room temperature (22°C) to 100°C.
Puncture Tests
Figures 3 (a) and (b) show the scanning electron micrographs of skin and transverse cross-section of SCFX extrudates at high drying temperatures. The surface of the skin at 400X was smooth and without any protrusions and bubbles even at a drying temperature of 100°C. The smooth skin surface suggested a uniform resistance to puncture at any part of the surface. Trials in our pilot plant in the same extruder indicated that steam expanded extrudates with product temperature 100°C and the same formulation had a very rough surface. The transverse cross-section, Figure 3 (b) , indicated the presence of voids between the cells and also a few cracks. However, accumulation of material in the cell edges was not evident and may need further investigation. Puncture force indicated that there was a staggered force-penetration profile for the cross-section whereas the skin indicated elastic behavior before yield strength was exceeded [Figures 4 (a) and (b) ]. Although the bulk density of the samples tested was same, the ratio of the peak puncture force for the skin and average 
Cell Shapes Affect Mechanical Strength
Process conditions are known to affect the mechanical properties of food extrudates.
In an expanding foam, material between the growing bubbles squeezes out, resulting in a compact cell structure with spheres being deformed to regular polyhedrals (Harding, 1966; Patel and Finnie, 1970) . The packing of the polyhedral shaped cells resulted in lesser space between them with a majority of 5 and 6 sided cell faces. This change in cell shape at various temperatures for SCFX extrudates with 4% WPC-34 added is illustrated in Figure 7 . The cell size distribution appeared to be uniform for at 22°C, the dominant shape of the cells was circular (61%) and ellipsoidal (32%). As the drying temperature was increased, polyhedral shaped cells emerged. At 70°C, 62% of the cell faces were 5 sided and 18% were 6 sided. With further increase in drying temperature to 85°C, the distribution of cell sides changed to 41, 32 and 15% for 5, 6 and 7 sided cell faces. A few counts (3%) of 8 sided cell faces started emerging at 85°C. Samples with EW added and dried at 22°C had lower percentage of circular cells and a higher percentage of ellipsoidal cells. The number of 4 sided cells was also higher for EW added while 8 sided cell faces were not observed. Thus at low drying temperature (22°), the cell faces were predominantly circular. With increase in drying temperature to 70 and 85°C, there was an increase in the number of sides in a cell face. The effects of the number average of cell sides on the compressive modulus of extrudates at various drying temperatures (22, 70 and 85°C) are shown in Figure 9 . A higher number average of cell sides in the structure resulted in higher compressive Figure 7 . SEM micrographs of transverse cross-section of SCFX extrudates containing 4% WPC and dried at various temperatures modulus. The higher modulus at 22°C for WPC-34 added as compared to EW added was associated with higher percentage of circular cells. For drying at 70 and 85°C, the higher percentage of 5 and 6 sided cell faces contributed to its higher modulus. For foams that have had time to reach thermodynamic equilibrium e.g. aqueous and naturally occurring foams, the average number of sides per cell face is 5. The ideal space filling structure is a tetrakaidekahedron (Cunningham and Hilyard, 1994) . However, in practice there was a distribution of cell shapes in a foam matrix. In conventional foams the majority of cell walls were pentagons; similar numbers of tetragons and hexagons comprised most of the remainder (Harding, 1966; Patel and Finnie, 1970) . The shape of cells for polyurethane foam have been reported to be affected by molding conditions (Giuffria, 1962) , and for maize grits by feed moisture and extrusion temperature (Warburton et al., 1992) . In SCFX starch-based extrudates, post-extrusion drying influenced the cell shape and a large percentage of 5 sided cells walls were observed for 4% added proteins and drying at 70 and 85 °C (Figure 8 ). At these process conditions, the extrudate expanded well without voids and the compressive modulus was low. The general form of Ashby's model relating mechanical properties of cellular solids to the cell geometry is shown by equation (2). This equation was fitted with data obtained from SCFX extrudates with different levels of thermosetting ingredients at various drying temperatures. Figures 10 showed the relationship between relative compressive modulus and relative density for the SCFX extrudates with added proteins. The trends were consistent with those for polymeric materials (Ashby, 1983; Griffin and Skochdopole, 1964) . Linear fit to the data gave an R 2 of 0.87 and the power law index n was 2.6. For linear elastic deformation, the value of n, according to Ashby's Model (1983) ranged from 2 (for open cell) to 3 (for closed cell foams). Cell counts in the SCFX extrudate from micrographs indicated that about 75% of the cells, for both WPC-34 and EW added, were closed cells (Table 1) . In general, the model of Ashby (1983) for non-food cellular solids relating mechanical property to bulk density, gave a good fit to our data for SCFX extnidates. Ashby (1983) suggested that for polymeric synthetic foam, even those with closed cells behaved like open cell foams because surface tension drew much of the solid material to the edges. For the starch based SC-CO2 extrudates examined by us, we observed voids between the cells but draining of material to the edges was not evident [Figure 3(b) ] and required further study.
Linear Regression Model for Predicting Mechanical Strength
Peak stress (PS) is an indicator of mechanical strength. Its relationship with cell area (CA) and bulk density (BD) were examined. A Minitab statistical program was used to fit our data to a linear regression model of the general form:
where, in our case, Y = PS (in kN/m 2 ), Xi = CA (in m 2 ) and X 2 = BD (kg/m 3 ) The Q's are adjustable model predictor coefficients with dimensions depending on the corresponding Xj. The t-ratio is a statistic that tests the null hypothesis that the model parameter is zero. The P > Itl value is the probability of getting a greater t-ratio. A P < 0.05 is often considered as significant evidence that the parameter is not zero. The Table 2 .
For WPC-34 added, the two-regressor model described 90% of the data (R 2 =0.9). The probability values of 0.213 and 0.603 indicated that both CA and BD had no significant effect on PS. For EW added, the two-regressor model gave a very good fit (R 2 =0.999) to the data. However, the high probability value of 0.66 indicated no significant effect of CA on PS. Thus the two-regressor model was not suitable for describing mechanical strength. The data for WPC-34 added and EW added was further evaluated using a single-regressor model with CA as predictor. The value of R 2 was 0.89 for WPC-34 added. The parameter coefficient (-10.153 x 10 10 ) indicated that CA had a strong negative influence on the mechanical strength and was highly significant (P=0.001). There was a very slight decrease in R 2 to 0.84 when BD was the predictor. The parameter coefficient was 19.149 indicating a positive influence on the strength, which was highly significant (P=0.004). For EW added, CA did not have a significant influence on strength while BD was highly significant (P=0.000) and the R 2 was 0.999. Thus bulk density adequately predicted the mechanical strength of SCFX extrudates for both WPC-34 and EW added. The linear regression equations were:
For WPC-34 added: PS = -1.93 xl0 3 +19.15 BD (6) and for EW added: PS = -2.26 x 10 3 + 18.00 BD (7)
In the above equations peak stress (PS) was in kN/m 2 and bulk density (BD) in kg/m 3 . These results for starch-based SCFX extrudates were contrary to the findings of Barrett et al. (1994) for steam expanded corn meal extrudates. They found that mechanical strength did not correlate with either cell area or bulk density alone and may be due to differences in the ingredients and structure in the two studies. Literature on cellular solids however indicated that in many instances, especially compression, the moduli and strength were not affected by cell size, and are discussed below. Church (1928) showed that for sponge rubber (open cell structure) at density between 0.2 to 0.3 g/cc, the compressibility was proportional to the mean diameter of the cells. Harding (1966) presented contrary results for rigid plastic foams. The contradictions seem to be because of drainage of cell wall materials to the struts, which affected the compression strength. Most mechanical properties of solid polymeric foams depended only weakly on cell size and the struts of the cells acted as load bearing beams (Menges and Knipschild, 1975; Gibson and Ashby, 1988; Jeronimidis, 1988; Smith, 1988) . Stiffness was contributed by the cell edges as the thin membranes across the faces of the cell ruptured easily. Although foams made from liquid components had closed cells, they were regarded as open cells because surface tension drew most of the material to the cell edges. The authors demonstrated that compressive moduli and strength of foams of several materials were related to density, indicating that cell size was not a major contributor to mechanical strength. Gibson and Ashby (1982) predicted a dependence on cell size in some tensile properties in addition to density. Matonis (1964) showed that the critical compressive stress (when buckling occurred) of plastic foams and the Young's modulus in compression were independent of cell size. Patel and Finnie (1970) showed that for rigid polyurethane, the effect of cell size on yield strength of rigid plastic foams, at a given density value, depended on the flow of polymer from the walls to cell edges during the foaming process. They analytically showed that if the ratio of the amount of polymer in the walls to the total amount of polymer remained unchanged, the cell size would not affect the foam strength. Chan and Nakamura (1969) took into account the thickness of the cell walls and strands at the joints of the cells of rigid polystyrene foam during uniaxial compression. Both moduli and strength were shown to be related to density. Their model gave a better fit to the data of Matonis (1964) for rigid polystyrene after correcting for material drainage to the cell edges. The data of Chan and Nakamura (1969) weakly followed the general trend of Ashby (1983) . However, a better fit was obtained by correcting for drainage of material to the cell edges (Gibson and Ashby, 1982) . Thus compressive moduli seemed to be independent of cell size in rigid plastic foams. Morgan et al. (1981) reported that foamed glass with smaller cell sizes was stronger and the strengths (tensile, flexure and compression) varied as the inverse square root of the cell size. The cell size (1000 microns) for the foamed glass was about 10 times larger compared to that (100 microns) for a typical SCFX extrudate. In brittle open cell carbon foams, the elastic modulus and fracture toughness was independent of cell size (Brenzy and Green, 1990) . The authors also reported that both compressive and bend strength were inversely related to cell size because of increased strut strength with decrease in cell size. However, their previous studies on the compressive behavior of open cell alumina showed that both crushing strength and Young's modulus depended on cell size. This dependency was attributed to longitudinal strut cracks in the smaller cell sizes. An earlier paper by Hagiwara and Green (1987) reported only a slight cell size effect for open cell alumina.
Cell Size and Mechanical Properties
The above reports indicated that for rigid foams, specially plastic, cell size had little influence on mechanical strength. The dependency of mechanical strength on the bulk density of SCFX extrudates, discussed in the preceding section, was therefore an extension of the findings for plastics. In our study, even at the high drying temperature of 100°C, more than 50% of the cells were of the closed type, indicating the high viscous nature of the constituent material. Preliminary examination of the cell structure showed little draining of material to the cell edges. The contribution of such draining of material and its relationship with the strength of a food foam therefore needs to be investigated for food extrudates with other formulations.
CONCLUSIONS
Drying at 70°C resulted in an expanded extrudate, and peak stress dropped on addition of thermosetting agents. Compared to WPC-34 added, addition of EW gave a softer skin and a fragile but well formed cellular structure. The overall extrudate structure was more homogenous for 4% EW added and drying between 70 and 100°C. The compressive modulus decreased as the shape of the cells changed from a predominantly spherical to a polyhedral shape. A higher modulus was associated with a larger number average of cell sides and higher percentage of closed cells. In general, Ashby's Model (1983) for non-food cellular solids relating mechanical property to bulk density, gave a good fit to our data for SCFX extrudates with both WPC-34 added and EW added. A linear regression model with bulk density as a predictor was adequate to predict the mechanical strength of starch based SCFX extrudates. The effect of draining of material to the cell edges for food foams and its effect on mechanical strength need to be further investigated.
